Comparisons between predictions of a Biot-Allard model allowing for angle-dependent elasticity and angle-and-porosity dependent tortuosity and transmission data obtained at normal incidence on water-saturated replica bones are extended to oblique incidence. The model includes two parameters which are adjusted for best fit at normal incidence. Using the same parameter values, it is found that predictions of the variation of transmitted waveforms with angle through two types of bone replica are in reasonable agreement with data despite the fact that scattering is not included in the theory.
Introduction
To improve the prediction of fracture risk by ultrasound it is important to understand the propagation of acoustic waves through cancellous bone. Osteoporosis is a bone disease caused by hormonal and biochemical changes. Bone essentially has two types of structure, both having the same mineralized collagen composition. Cortical bone may generally be considered to be solid; cancellous bone consists of a complex open-celled porous network of rod-and plate-shaped elements termed trabeculae. In order to understand the dependence of ultrasound propagation, in particular, upon the material and structural properties of cancellous bone, Biot-based theories have been used extensively [1] [2] [3] [4] [5] [6] [7] [8] [9] . Biot theory predicts two compressional waves, often referred to as 'fast' and 'slow', when the waves propagating through the solid frame of bone and marrow are in-phase and out-of-phase respectively, and a shear wave. Biot theory was developed to describe acoustic wave propagation in fluid-saturated porous elastic media at frequencies such that the wavelengths are much larger than typical microstructural dimensions [10, 11] . Although its original context was geophysical testing of porous rocks, it has been used extensively to describe the wave motion in cancellous bone. It allows for an arbitrary microstructure, with separate motions considered for the solid elastic framework (bone) and the interspersed fluid (marrow), induced by the ultrasonic wave, and also includes energy loss due to viscous friction between solid (bone) and fluid (marrow).
The anisotropic pore structure and elasticity of cancellous bone cause wave speeds and attenuation in cancellous bone to vary with angle. Aygün et al. [12] have extended previous work on the influence of anisotropic pore structure and elasticity in cancellous bone by developing an anisotropic Biot-Allard model allowing for angledependent elasticity, and angle-and-porosity dependent tortuosity. The extreme angle dependence of tortuosity corresponding to the parallel plate microstructure used by Hughes et al. [1] has been replaced by angle-and-porosity dependent tortuosity values based on data for slow wave transmission through air-filled stereolithography (STL) bone replicas [13] . It has been suggested that the anisotropic Biot-Allard model could be used to give further insight into the factors that have the most important influence on the angle dependency of wave speeds and attenuation in cancellous bone. Nevertheless the applicability of Biot-based theories to ultrasonic propagation in bone remains in question given the expected role of scattering which is neglected in these theories.
Most recently, Aygün et al. [14] have transmitted ultrasonic signals through water saturated stereolithograpical bone replicas in the form of 57 mm cubes with microstructural dimensions that are 13 times real scale. Views of two of the stereolithographical bone replicas are shown in Fig. 1 which shows also the directions of the coordinate axes employed in subsequent analysis. The Predictions of a modified anisotropic Biot-Allard model, which neglects scattering have been compared to measurements made at normal incidence in a water filled tank at 100 kHz and 1 MHz. Remarkably, it is found that the expected occurrence of scattering does not cause significant discrepancies between predictions and data at 100 kHz (which would be equivalent to 1.3 MHz in real bone), perhaps as a consequence of the fact that the samples behave as low pass filters. Scattering should be even more important at 1 MHz (equivalent to 13 MHz in real bone) where the fast and slow wavelengths are 3 mm and 1.5 mm respectively. Nevertheless the modified Biot-Allard theory is found to predict the observed simple relationship between incident and transmitted waveforms at 1 MHz.
The aim of this paper is to investigate ultrasonic wave transmission in water-saturated bone replicas at 1 MHz as a function of angle. The predictions of the anisotropic Biot-Allard model allowing for angle-dependent elasticity and angle-and-porosity dependent tortuosity have been compared with measurements made in a fluid (water) filled tank at 1 MHz.
Theory
A rigid porous sample of length L is subjected to an ultrasonic wave in fluid (water), P i . Part of ultrasonic wave is reflected back into the fluid, P r , while other part is transmitted through the sample, P t . Fellah et al. [5] have presented an analytical model based on the Biot's theory modified by Johnson et al. [15] to describe the viscous interaction between fluid and a porous elastic structure. The Fourier transform of the transmitted field is given by Fellah et al. [5] as:
where u(x) is the Fourier transform of the incident field (P
is the Fourier transform of the transmission kernel, x is the angular frequency of motion, c 0 is the speed of sound in fluid, and L is the thickness of the material. More detailed considerations of the transformed field and the transmission coefficient T(x) can be found in the paper by Fellah et al. [5] . Aygün et al. [12] have introduced a transverse anisotropy into the Biot-Allard model by allowing for an angle-and-porosity dependent tortuosity in addition to an angle-dependent elasticity. The proposed heuristic form for the porosity-and angle-dependent tortuosity is:
where / is the porosity, h is the variable between 0°and 90°, and the parameters r and k can be considered adjustable. A range of possible values of r and k have been found by comparing predictions of Eq. (2) for h =0°and 90°respectively with values deduced from air-filled replicas of known porosity [13] . Values of r and k are found by solving the resulting simultaneous equations.To allow for elastic anisotropy, Williams [16] suggests that the dependence of skeletal frame modulus (Young's modulus, E b , Bulk Modulus, K b , and rigidity modulus, l b ) in terms of bone volume fraction (1-u) and the Young's modulus of the solid material of the frame (E s ) are given by
tively, where v b is the Poisson's ratio of frame, and, according to Gibson [17] , the exponent n varies from 1 to 3 depending on the angle (h) with respect to the dominant structural orientation according to n = n 1 sin 2 (h)+n 2 cos 2 (h). Values of n 1 = 1.23 and n 2 = 2.35 are chosen by Lee et al. [2] to be consistent with the work of Williams [16] .
The parameters used in the predictions are listed in Table 1 . The elastic moduli of the bone replicas made of resin have been taken to be equal to the elastic modulus of resin which is 6.04 GPa (DSM Somos) and is smaller than the elastic modulus of real bone which is 20 GPa (Williams [16] ). Assuming that the permeability of the bone is 5 Â 10 À9 m 3 (McKelvie and Palmer [9] ), the permeability of bone replicas has been taken to be 169 (i.e. 13
2 ) times higher because the replica microstructures are larger than those of the actual bone microstructure by a factor of 13 in every direction. The assumed characteristics of the saturating fluid (water) are: density q f = 1000 kg/m À3 , viscosity g =10 À3 kg ms À1 , speed of sound in water c 0 = 1490 m/s.
Two of the required parameters, the Poisson's ratio of the frame and the viscous characteristic length, have been adjusted for each replica to obtain the 'best-fit' at normal incidence. It has been found that the predictions are particularly sensitive to the assumed values of viscous characteristic length. The 'best-fit' characteristic length values for the two replicas cited in Table 1 are about 13 times those found for real bone which lie between 5 and 10 lm [3, 5] . This is consistent with the physical scaling of the replicas.
CALCANEOUS (CAB)
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x 2 x 1 x 3 Fig. 1 . Views of two stereolithographical bone replicas and the coordinate system employed for analysis. 
Measurements
Measurements have been carried out with transducers and replica bone specimens immersed in water following the procedure used by Fellah et al. [5] (see Fig. 2 ). Two broadband Panametrics, A303S, plane piezoelectric transducers having 1 cm diameter with 1 MHz central frequency have been used. 400 V pulses are provided by a 5058PR Panametrics pulser/receiver. Electronic interference was removed by 1000 acquisition averages. Moreover each measurement series was repeated.
Two incident (reference) signals generated by 1 MHz transducers and transmitted over corresponding path lengths in fluid (water) are shown in Figs. 3a and 4a , and their spectra are shown in Figs. 3b and 4b , respectively. These signals were used when analyzing transmission data for Calcaneous (CAB) and Femoral Head (FRA) replicas respectively.
To vary the angle of incidence, each bone replica was revolved around its central axis. For a rotation angle, h, measured from the normal, the transmission path becomes L cos(h) where L is the cube dimension. Example measured variations of transmitted signals with angle and the corresponding spectra are shown in Figs. 5 and 6. The variation in the signals transmitted through the CAB replica is significant but is mainly in amplitude rather than in the structure of the waveforms whereas, in the signals transmitted through the Femoral Head replica, both amplitude and structure are influenced significantly by angle. It can be expected that shear waves should occur as well as fast and slow waves in poroelastic materials at oblique incidence. However there are no indications of separate shear wave arrivals in the measured waveforms and no allowance has been made for the occurrence of shear waves in the predictions presented later.
Comparisons between predictions and data
Predicted and measured transmitted waveforms in the Calcaneus and Femoral Head replicas at normal incidence are shown in Figs. 7 and 8. It seems that the shape of the incident pulse waveform is not affected much by transmission through the replicas. However it seems that only between 0.5% and 4% of the amplitude of incident wave is transmitted through bone replicas at 1 MHz. Most of the incident ultrasonic wave is reflected back into the water. Predictions of the waveforms transmitted through Calcaneus and Femoral Head replicas at four oblique angles are compared with the data in Figs. 9 and 10. Generally measured and predicted transmitted waveforms through the CAB bone replica (Fig. 9 ) are similar except for the initial parts of the transmitted waveforms which can be identified as the fast wave arrivals. The subsequent major parts of the transmitted waveforms can be identified as slow wave contributions. Overall the initial parts of the transmitted waveforms are not predicted as well as the later arrivals. A possible cause might be signal leakage caused by refraction from the CAB replica at higher angles and transmission paths that fall outside the receiving transducers. Nevertheless it does not seem likely that the drop in the magnitude of the fast wave in Fig. 10 at 25°is due to signal leakage, since the initial waveform amplitude is higher at 29°. Moreover the prediction of the initial waveform at the higher angle is in better agreement with data.
The predicted arrival time of the ultrasonic waves changes when the angle of propagation is varied as a consequence of the angle dependence of tortuosity through Eq. (2).
Concluding remarks
Predictions of a modified anisotropic Biot-Allard theory have been compared with measurements of pulses centred on 1 MHz parameters adjusted for best fit at normal incidence enable reasonable agreement with data obtained at oblique angles also. The predictions and data show significant agreement despite the expected role of scattering. On the other hand, the explicit inclusion of scattering might have avoided the need for adjustable parameters. The likely ranges of validity for Biot modelling approaches can be discussed in terms of the ratio (e = l/L) of a characteristic inhomogeneity size (l) and the reduced sound wavelength L = k/2p (k). Scattering is likely to be significant for values of e greater than 1 whereas the Biot theory was derived for values of e that are significantly less than 1. At 1 MHz the fast and slow wavelengths are 3 mm and 1.5 mm respectively. For the fast waves the values of the ratios, e, in FRA and CAB replicas are 0.1257 and 0.3142 respectively, and for the slow waves the values are 0.2513 and 0.6283. These indicate clearly that scattering should be significant, so the agreement between Biot-based predictions and data at 1 MHz is rather surprising.
Recently Boutin [18] has discussed a general multiple-scale approach that allows for scattering and visco-thermal effects in a rigid-porous medium and has considered a specific application to a parallel plate medium. However, the development of model capable of covering both viscous and scattering regimes and applicable to an anisotropic poroelastic medium remains a formidable challenge. Nevertheless the apparent success of the modified Biot-Allard model using only two adjustable parameters suggests that, as a next step, it might be worth considering the development of Biot-based Finite Element Models (FEM) for cancellous bone. This would enable modelling of complete bone structures which would be more appropriate to the context of clinical monitoring. Such models of the acoustical properties of complex arrangements of anisotropic porous and elastic media are used increasingly in engineering studies, for example those related to the acoustical design of vehicle interiors [19] [20] [21] [22] .
